The bacterial pathogen Staphylococcus aureus forms multicellular communities 12 known as biofilms in which cells are held together by an extracellular matrix. The matrix 13 consists of repurposed cytoplasmic proteins and extracellular DNA. These communities 14 assemble during growth on medium containing glucose, but the intracellular signal for 15 biofilm formation was unknown. Here we present evidence that biofilm formation is 16 triggered by a drop in the levels of the second messenger cyclic-di-AMP. Previous work 17 identified genes needed for the release of extracellular DNA, including genes for the 18 cyclic-di-AMP phosphodiesterase GdpP, the transcriptional regulator XdrA, and the 19 purine salvage enzyme Apt. Using a cyclic-di-AMP riboswitch biosensor and mass 20 spectrometry, we show that the levels of the second messenger drop during biofilm 21 2 formation in a glucose-dependent manner and that the drop is prevented in mutants of 22 all three genes. Importantly, we also show that expression of the "accessory gene 23
Introduction 30
Biofilms are microbial communities in which cells adhere to each other and to a 31 surface by an extracellular matrix composed of DNA, proteins, and/or polysaccharides. 32
These matrix components are generally produced by the microbes in the community 33 either through dedicated pathways, as in the cases of curli and cellulose production in is produced by the ica operon (Jefferson et al. 2003) . 56
Using a comprehensive and unbiased genome-wide transposon sequencing 57 approach, we previously identified several genes that are required for the release of 58 eDNA from S. aureus cells during glucose-dependent biofilm formation (DeFrancesco et 59 al. 2017). Among these were gdpP, which encodes the cyclic-di-AMP (c-di-AMP) 60 phosophodiesterase GdpP, xdrA, which specifies the transcription regulatory protein 61
XdrA, and apt, the gene for the adenine phosphoribosyltransferase Apt. Mutants of all 62 three genes exhibited marked defects in the release of eDNA and biofilm formation. 63
Analysis using HPLC showed that the levels of c-di-AMP decreased during growth of 64 the wild type on biofilm-inducing medium [Tryptone Soy Broth (TSB) containing glucose] 4 whereas the levels rose in cells mutant for GdpP. These findings raised the possibility 66 that biofilm formation in S. aureus is triggered by a drop in c-di-AMP levels. 67
Here, we present evidence in support of this hypothesis. First, we demonstrate 68 that dependence on eDNA is a shared feature of biofilm formation by multiple strains of 69 S. aureus, including an MSSA strain in which biofilm formation is dependent on PIA. 70
Second, the dependence of eDNA release on GdpP is shared among biofilm-forming 71 strains. Third, using a c-di-AMP sensitive riboswitch biosensor and mass spectrometry, 72
we confirm that the levels of c-di-AMP drop under biofilm-inducing conditions, and we 73 additionally show that the drop is prevented in null mutants of xdrA and apt as well as in 74 a gdpP mutant. Fourth, we report that overexpression of gdpP reverses the block in 75 eDNA release and in biofilm formation caused by the xdrA mutation. Finally, and 76 importantly, we show that expression of the "accessory gene regulator" operon agr and 77 genes under its control is dependent on c-di-AMP and that the decrease in agr 78 expression is principally responsible for triggering eDNA release and biofilm formation in 79 response to the drop in second messenger levels (Recsei et al. 1986) . Because biofilm formation is studied in different laboratories using a variety of 85 strains, we began by asking whether eDNA release is a common feature of biofilm 86 formation by S. aureus. Accordingly, we investigated biofilm formation using: HG003, 87 the standard strain used in the investigators' laboratories, SH1000, RN1, MN8, LAC, 88 7 verify that the level of c-di-AMP did decrease in response to growth on glucose ( Table  135   S2 ). Furthermore, we found no significant change in the transcript levels of the 136 diadenylate cyclase dacA or c-di-AMP phosphodiesterase gdpP genes (relative to those 137 for the house keeping gene hu, as an internal control) in response to glucose ( Table  138   S3 ). 139
140
The drop in c-di-AMP levels is also dependent on two other genes needed for 141 eDNA release and biofilm formation 142
The gdpP gene was identified in a previous unbiased transposon screen for 143 insertion mutants impaired in eDNA release during biofilm formation (DeFrancesco et al. 144 2017). The transposon screen revealed two additional genes in which mutations 145 markedly impaired eDNA release and biofilm formation. These were xdrA, which 146 encodes a DNA-binding protein, and apt, which codes for an adenine 147 phosphoribosyltransferase involved in a purine salvage pathway. We wondered whether 148 xdrA and apt were also needed for the drop in c-di-AMP levels and whether this could 149 be the basis, in whole or in part, for their involvement in biofilm formation. Accordingly, 150
we used null mutations of each gene (xdrA and apt) and the riboswitch to investigate 151 whether either or both genes were needed for the drop in c-di-AMP levels during biofilm 152 formation. The results of Figure 3B show that both mutations completely prevented the 153 drop in c-di-AMP levels seen in the wild type. Indeed, the levels of the second 154 messenger rose somewhat in both mutants, although not to the extent observed for the 155 gdpP mutant. That the xdrA and apt mutations blocked the drop in c-di-AMP levels 156 was independently confirmed by HPLC-mass spectrometry (Table S2) . 157
Next, we asked whether the effects of the mutations could be reversed by 158 overexpression of the gene for gdpP using a plasmid harboring the phosphodiesterase 159 gene (pgdpP). The results were particularly striking for xdrA. The pgdpP plasmid 160 increased eDNA release approximately 5 fold for the xdrA mutant (while also 161 increasing eDNA levels for the wild type and the gdpP insertion mutant) ( Figure 4A ). 162
The plasmid also markedly increased the amount of biofilm mass of the xdrA mutant 163 and in a manner that was sensitive to DNase I ( Figure 4B ). As a control, we found that a 164 mutant version of the plasmid producing GdpP with reduced phosphodiesterase activity 165 due to a D418A substitution (Rao et al. 2010 ; Griffiths and O'Neill 2012) was not able to 166 fully restore eDNA release or biofilm formation to a gdpP or xdrA mutant ( Figure S1 ).
167
These results are consistent with the hypothesis that eDNA release and biofilm 168 formation are caused by a drop in c-di-AMP levels and that the xdrA mutation exerts it 169 effect in whole or in part by blocking the drop in second messenger levels. 170
The results with regard to eDNA release were also striking for the apt mutation; 171 as seen in Figure 4A , the pgdpP plasmid increased eDNA levels several fold in an apt 172 mutant. In contrast, the results with respect to biofilm formation were relatively modest; 173 the presence of the plasmid only increased biofilm mass to a small extent. We conclude 174 that like xdrA the apt gene contributes to eDNA release by lowering second messenger 175 levels but that the apt mutation evidently interferes with biofilm formation in some 176 additional manner that is not bypassed by overexpressing the c-di-AMP 177
phosphodiesterase. 178
Since both xdrA and apt influence the levels of c-di-AMP, we sought to determine 179 whether they act through the same pathway by examining the levels of the second 180 messenger in an xdrA/apt double mutant. The results show that the mutations 181 exhibited an additive effect in raising c-di-AMP levels, suggesting that the genes 182 modulate c-di-AMP levels through independent pathways ( Figure 3B and Table S2 ). As 183 seen in Figure 4 , the double mutant had a severe defect in eDNA release and biofilm 184
formation. Furthermore, we found no significant change in the transcript levels of the 185 diadenylate cyclase dacA or c-di-AMP phosphodiesterase gdpP genes in response to 186 mutating gdpP::TnΩ1, xdrA, apt, or xdrA/apt, raising the possibility that DacA or
187
GdpP is regulated at a posttranscriptional level (Table S4) . To further investigate the effect of elevated c-di-AMP levels on agr, we focused 201 on agrA, the gene encoding the transcriptional regulator (response regulator) of the agr 202 system as well as two downstream targets, RNAIII and psm. We found that agrA 203 transcripts were 4-5 fold elevated in both gdpP::TnΩ1 and inxdrA mutants, with RNAIII 204 and psm transcript levels also being significantly elevated (relative to those for the 205 house keeping gene hu as an internal control), suggesting that agr transcript levels are 206 positively regulated by c-di-AMP (Tables 1, 2) . To further test this hypothesis we 207 measured transcript levels in an apt mutant and an xdrA/apt double mutant (Table   208 1). Again, we observed elevated levels of agrA transcripts in both mutants. We also 209 used pgdpP (pASD133) to artificially lower the amount of c-di-AMP in cells and found 210 that in the wild type (HG003) this led to a 3.5 fold decrease in agrA transcript levels and 211 a significant reduction in RNAIII and psm levels (Tables 1, 2). For comparison and as 212 pointed out above, neither biofilm promoting conditions (presence of glucose) nor 213 mutations in gdpP::TnΩ1, xdrA, apt, or xdrA/apt significantly affected the transcript 214 levels of dacA or gdpP (Tables S3, S4 ). These results suggest that agrA transcript 215 levels and the downstream targets RNAIII and psm are modulated by c-di-AMP levels. 216
The discovery that the agr system is under c-di-AMP control was pleasing as 217 previous studies had shown that the operon is repressed during biofilm formation and 218 that mutation of the agr system causes a hyperbiofilm phenotype. Indeed, as expected 219 and in our hands, an agrA mutation in a HG003 background caused the release of 220 eDNA and robust biofilm formation ( Figure 5A, B) . We therefore hypothesized that if 221 elevated agrA transcripts in a gdpP mutant is preventing eDNA release and biofilm 222 formation, then agrA should be epistatic to gdpP::TnΩ1. This was indeed the case as 223 an agrA/gdpP::TnΩ1 double mutant had levels of eDNA release and biofilm formation 224 similar to those of the wild type (HG003) ( Figure 5A, B ). Furthermore, using the 225 riboswitch biosensor we found that agrA had no effect on c-di-AMP levels ( Figure 5C ), in keeping with the idea that agr is downstream of the second messenger in the 227 pathway governing biofilm formation. Together, these results suggest that the primary 228 mechanism by which the drop in c-di-AMP levels under biofilm-inducing conditions 229 triggers eDNA release and biofilm formation is by lowering the level of expression of agr 230
and genes under its control. 231 232
Overexpression of gdpP confers sensitivity to the dye Congo Red 233
As the release of eDNA during biofilm formation presumably depends on the lysis 234 of a subset of cells, we hypothesized that mutants that are blocked in the ability to 235 release eDNA may have sturdier cell envelopes. Previously, we have shown that wall 236 teichoic acids protect S. aureus cells from lysis caused by the azo dye Congo Red, and 237
we have also shown that mutating gdpP, xdrA, or apt all lead to increased resistance to 238 Congo Red to identify mutants with increased fitness in the presence of Congo Red and 242 found xdrA, gdpP, and several other genes that were underrepresented in eDNA in the 243 previous transposon screen (Table S5) Figure 4C show that 247 overexpressing gdpP restored sensitivity to Congo Red to both mutants.
12
To test if resistance to Congo Red was additive in an xdrA/apt double mutant 249 we determined the level of resistance at two concentrations of the dye (0.1% and 250 0.25%). The results show that the double mutant was no more resistant to Congo Red 251 than either single mutant and indeed somewhat more sensitive to Congo Red than 252 either xdrA or apt single mutants ( Figure 4C ). Nonetheless, overexpression of gdpP 253 restored sensitivity to Congo Red in the double mutant (Figure 4) . In toto, these results 254 are consistent with the idea that the Congo Red resistance of xdrA and apt mutants 255 is a consequence of elevated levels of c-di-AMP. 256
Finally, we investigated the effect of an agrA mutation on resistance to Congo 257
Red. If, as we hypothesize, a gdpP mutation confers resistance to the dye by 258 stimulating expression of agr, then an agrA mutation should be epistatic to 259 gdpP::TnΩ1. The results of Fig. 5D show that an agrA/gdpP::TnΩ1 double mutant was 260 indeed more sensitive to Congo Red than an gdpP::TnΩ1 single mutant although not as 261 sensitive as an agrA single mutant. We conclude that resistance to Congo Red as 262 caused by elevated levels of c-di-AMP can be substantially, although not entirely, 263
attributed to enhanced expression of agr ( Figure 5D ). 264
In this regard, it is interesting to note that Boyd and co-workers recently reported 265 that cell lysis during biofilm formation can be attributed in part to decreased production 266 of wall teichoic acids (Mashruwala et al. 2017 ). This fits nicely with our results with 267
Congo Red, which as noted above is an inhibitor of lipoteichoic acid synthesis. It is 268 known that wall teichoic acids and lipoteichoic acids contribute synergistically to cell formation. First, we have shown that eDNA is a shared feature of S. aureus strains that 278 produced biofilms in a glucose-dependent manner and that in all cases eDNA release 279 was blocked by a mutation of gdpP. Second, and focusing on a particular strain 280 (HG003) that is robust in forming biofilms, we showed that the transition to a 281 multicellular community was accompanied by a drop in c-di-AMP levels. Third, this drop 282 was prevented by null mutations of three genes (gdpP, xdrA and apt) that were 283 previously shown (and as confirmed here) to markedly impair eDNA release and biofilm 284 formation. Fourth, we have shown that artificially lowering the levels of c-di-AMP by 285 overproduction of the GdpP phosphodiesterase was suffient to reverse the phenotype of 286 the xdrA mutant. Finally, we identify agr as the principal target for c-di-AMP and provide 287 evidence that the effect of reduced levels of the second messenger in promoting biofilm 288 formation and eDNA release can be largely explained by lowered expression of the agr 289 operon and genes under its control. 290
Previous work has shown that c-di-AMP helps to maintain homeostasis during 291 A clue as to how c-di-AMP triggers biofilm formation has come from our 300 discovery that a target of the second messenger is the agr operon. We have shown that 301 expression of the operon and of multiple genes under its control is dependent on c-di-302 AMP levels. We have also shown that a null mutation of the response regulator gene in 303 the operon, agrA, promotes robust biofilm formation and eDNA release even under 304 conditions of high c-di-AMP levels (e.g. in a gdpP mutant). Strikingly, the agrA mutation 305 also significantly restored sensitivity to Congo Red to a gdpP mutant. We conclude that 306 one or more genes under the direct or indirect control of AgrA block biofilm formation. 307
An important target of the agr operon is the effector molecule RNAIII. Indeed, 308 the gdpP mutation markedly stimulated RNAIII transcript levels (Table 2 ). However, the 309 known targets of RNAIII do not provide any obvious candidates for controlling cell lysis. 310
The agr operon also controls transcription of a class of small proteins known as the 311 phenol soluble modulins (PSMs). And indeed these modulins are reported to promote 312 biofilm dispersal (Periasamy et al. 2012 ). However, their role in dispersal does not 313 suggest a mechanism for how they could block biofilm formation and eDNA release. 314
The PSM's have also been reported to form amyloid fibers that stabilize S. aureus 315 biofilms, but these fibers have not been detected in glucose-dependent biofilms 316 15 (Schwartz et al. 2012) . In toto, our results suggest that an as yet unidentified target(s) of 317 agr is responsible for impeding biofilm formation until and unless c-di-AMP levels 318
decrease. 319
An important unanswered question is how agr expression and that of genes 320 under its control is regulated by c-di-AMP. While we do not have the answer, an 321 appealing possibility is that the cyclic dinucleotide directly interacts with AgrA or some 322 other protein product of the agr operon. Given that transcription of the operon is subject 323 to positive autoregulation via quorum sensing, the stimulation of AgrA activity by c-di-324 AMP would stimulate transcription of the operon as well as that of downstream target 325 genes (Ji et al. 1997; 1995) . 326
Also remaining unanswered is the question of how the drop in c-di-AMP levels is 327 brought about by fermentation during growth on glucose-containing medium. We found 328 no significant difference in transcript levels of dacA or gdpP in response to glucose, 329
suggesting that regulation of c-di-AMP occurs at a posttranscriptional level (Table S3) . The bacterial strains used in this study are listed in Table S1 were added to the biofilms after 23 hours and were then returned to 37C for 1 374 additional hour. The medium was then carefully removed and the biofilms were washed 375 three times with 200 l of PBS at pH 7.5. 100 l of 0.1% Crystal Violet stain was then 376 added to each well for 5 minutes. The Crystal Violet was then carefully removed and the 377 biofilms were gently washed three times with 200 l of PBS at pH 7.5. The stained 378 biofilms were then dried at room temperature. Once dry, 200 l of acidified ethanol was 379 added to each well. 50 l of the resuspended stained cells was then transferred to a 380 fresh microtiter plate with 150 l of PBS at pH 7.5 and the OD600 was immediately 381 Biofilms were grown as describes as above. After 24 hours of growth, cells were gently 400 resuspended using one gentle aspiration and dispensation of the medium they were 401 grown in. 1 l of each sample was then placed on an agar pad and visualized using a 37C for 6 hours. 6ml of RNA Protect Bacterial Reagent was added to each sample and 425 biofilms were immediately resuspended by pipetting. The cells were pelleted at 5k x g 426 for 5 minutes and resuspended in 1ml Trizol. Cells were then mechanically disrupted 427 using a FastPrep-24 (MP Biomedicals). Chloroform extraction of trizol was done to 428 isolate RNA. RNA was incubated with 10U DNase I (Roche) for 90 minutes at 37C to 429 remove any DNA contamination followed by phenol/chloroform extraction to purify the 430 RNA. cDNA was made using the Superscript IV first-strand synthesis system 431 20 (18091050, ThermoFisher). qPCR was performed using QuantiTect SYBR Green 432 (204145, Qiagen) and run on a BioRad CFX384. Data was analyzed using BioRad CFX 433 analyzer 3.1. Data was normalized to transcript levels of the reference gene 434 SAOUHSC_01490 (hu). Primers were designed using Geneious 11.0.5. Primers for 435 qPCR are listed in Table S6 . 436 437 Acknowledgments 438
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We also thank S. Figure 1 . eDNA release and dependence on gdpP is a shared feature of biofilm formation by multiple strains of S. aureus. The indicated strains were tested for their ability to form glucoseand DNA-dependent biofilms (top) and to release eDNA (bottom). gdpP::TnW1 (red) was transduced into each strain and the mutant strains were tested for their ability to form glucose-dependent (top) biofilms and release eDNA (bottom). DNase I was added to established biofilms for 1 hour prior to harvesting to test the dependence on DNA (green). 
